Complex multicellular plant bodies evolved in both generations of land plants. A new study demonstrates that CLAVATA3-like peptides function via conserved receptors in Physcomitrella patens as key molecules for morphological innovation of 3D growth in land plants.
We take it for granted to be surrounded by multicellular life, be it a wombat or cherry blossom. It is often overlooked that life on Earth is overwhelmingly dominated by unicellular microorganisms. From unicellular organisms, multicellularity evolved multiple independent times in diverse eukaryotic lineages. Within some lineages, 'complex' mutlicellularity, defined by the three-dimensional (3D) organization of the body plan, evolved from simple multicellular ancestors [1] . Land plants represent one example, with both generations (haploid and diploid) evolving complex mutlicellularity. Increases in size and complexity allowed ancestral land plants to adapt to and flourish in terrestrial environments. Complex mutlicellularity in land plants is associated with growth from meristems, groups of pluripotent stem cells from which organs and tissues are derived. The evolution of complex multicellularity, and meristems, required the evolution of intimate communication between cells and a genetic program to coordinate organismal development. The CLAVATA (CLV) signaling pathway, comprised of secreted CLE (CLAVATA3/EMBRYO SURROUNDING REGION-related) peptides and plasma membrane localized receptors, is well characterized in flowering plants, including Arabidopsis thaliana. The CLV signaling pathway regulates the activity of meristems [2] and in this context multiple subfunctionalized CLE paralogs act in the vascular plant shoot, root, and vascular meristems [3] .
A study by Whitewoods et al. [4] reported in this issue of Current Biology describes a role for a CLV peptide/ receptor signaling module in the 3D patterning of the haploid body in a moss, Physcomitrella patens, hereafter Physcomitrella. In Physcomitrella, haploid filamentous protonemata divide either linearly or to produce side branches ( Figure 1A ). An apical side-branch initial cell develops into a gametophore apical stem cell, forming a bud which produces a gametophore consisting of a stem and leaves and from which gametes will eventually be produced ( Figure 1A ) [5] . The development of gametophores from side branch initial cells of filamentous protonemata accompanies a shift in the body plan from 2D to 3D ( Figure 1A) . In wild-type Physcomitrella, a series of asymmetric cell divisions of the gametophore initial establishes the tetrahedral gametophore apical stem cell ( Figure 1A ). The genetic mechanism that regulates this change in cell division plane orientations was unknown.
Whitewoods et al. [4] characterized the Physcomitrella homologues of genes constituting the CLV pathway in Arabidopsis (hereafter called PpCLV genes). Physcomitrella with compromised PpCLV gene activities exhibit abnormal cell division patterns as early as the first division of the gametophore initials and fail to generate a tetrahedral gametophore apical stem cell. Thus, PpCLV genes are required to correctly orient cell division planes during the transition from 2D (in protonemata) to 3D (in gametophores) growth ( Figure 1A ) [4] . The mutant gametophores display cell fate and/or proliferation defects, developing a calluslike mass and multiple apical stem cells at the gametophore base. These observations suggest that PpCLV genes have roles in regulating cell proliferation potentially analogous to the roles of AtCLV genes in Arabidopsis meristems. The aberrant cell division patterns in PpCLV mutants reveal a previously unidentified role for the CLV signaling pathway in orienting cell division planes. Whitewoods et al. [4] Whitewoods et al. [4] suggest that the CLV genes perform similar roles in regulating cell division plane orientations in two evolutionary contexts: in the apical stem cells of the moss haploid gametophyte and in multicellular meristems in the flowering plant diploid sporophyte. While gametophore apical cells and meristems in vascular plants share characteristic stem cells, their organizations as a single cell and a multicellular structure, respectively, differ. Elucidating the spatial control of cell proliferation by the CLE-CLV modules in various contexts may give us a hint to understand the evolution of multicellular vascular plant meristems from unicellular apical cells functioning as stem cells in bryophytes (three early-diverging land plant lineages: liverworts, hornworts, and mosses). To reveal the mechanistic basis for PpCLV roles, it is necessary to resolve the spatial and temporal patterns of the PpCLV components at the cellular and subcellular levels -where is the ligand expressed, and where is it perceived?
In flowering plant meristems, WUSCHEL-related homeobox (WOX) genes act downstream of the CLV pathway and are involved in stem cell maintenance [2] . In contrast, PpWOX13-like genes in Physcomitrella do not act in the gametophore meristem, but are required for the initiation of cell growth during reprogramming of differentiated cells into stem cells [7] . Therefore, WOX regulated meristem function was likely acquired after the bryophyte-vascular plant divergence [7] . Previous studies also indicated other factors acting in the vascular plant shoot apical meristem (SAM), KNOTTED-like TALE homeobox and class III homeodomain-leucine zipper transcription factors, are not active in the gametophyte SAM of Physcomitrella [8, 9] .
What factors might interact with PpCLV in the gametophyte meristem?
A plant hormone, cytokinin, is also involved in regulating SAM activity, partially through the CLV-WUS pathway, in Arabidopsis [10] . Exogenous application of cytokinin enhances formation of gametophore apical stem cells in Physcomitrella [11, 12] . The Physcomitrella APETALA2-type transcription factors orthologous to Arabidopsis AINTEGUMENTA, PLETHORA and BABY BOOM (APB) genes are indispensable for the formation of gametophore apical stem cells from protonema cells and function synergistically with cytokinin signaling in this process [13] . Thus, the interplay among CLV, APB, and cytokinin may be an ancient meristematic module assembled in the transition from 2D to 3D growth in the moss. What about the Physcomitrella sporophyte meristem? Some PpCLV genes are expressed in the sporophyte [14] , but their function is yet to be explored, and thus, it remains an open question whether CLV activity is a common feature of all land plant meristems.
Consistent with previous studies [15, 16] , Whitewoods et al. [4] found CLV signaling components are conserved in land plants, but are not found in related algae. In contrast to Physcomitrella where only a single class of CLE peptide is present, the liverwort Marchantia polymorpha possesses two classes of CLE peptides, CLV3 and TDIF (tracheary element differentiation inhibitory factor), as is found in flowering plants [16] . The phylogenetic distribution suggests that the ancestral land plant had both classes and the TDIF class was lost in the lineage leading to extant mosses. In this context, it is critical to understand whether TDIF has a similar or an entirely distinct function in other bryophyte meristems. In flowering plants the two distinct types of CLE genes have diversified, with 32 paralogs found in Arabidopsis. In addition to different paralogs acting in the shoot, root, and vascular meristems, other CLE genes have been implicated in the regulation of nitrogen fixing nodule formation [3] , and CLE25 was reported to regulate plant hormone abscisic acid synthesis in the dehydration response in a systemic way [17] . Thus, CLE genes are involved in multiple contexts, not only in shoot, root, and vasculature meristem maintenance, but also in different systemic signaling [3, 4, 10] . Asterisks indicate CLV roles reported by Whitewoods et al. [4] . PpCLV roles in the sporophyte remain elusive (C). Blue arrows in (D) indicate CLE-mediated long-distance signaling. Yellow and green backgrounds denote haploid and diploid generations, respectively. Shift from a gametophyte-to a sporophyte-dominant life cycle is observed during land plant evolution. RAM, root apical meristem.
pathways to regulate cell-cell and/or organ-organ communication. Indeed, nematodes appear to have independently evolved CLE peptides to direct root growth patterns to their own benefit [18] . In summary, Whitewoods et al. [4] found that the land plant-specific CLV peptide/receptor-like kinase pathway regulates orientations of cell division planes during developmental transitions from 2D to 3D growth in Physcomitrella. They also report that a novel CLV function found in the Physcomitrella gametophyte body in regulating cell division planes is conserved in flowering plant sporophyte bodies. The study highlights the importance of the CLV pathway for the morphological innovation of 3D body development in land plants and opens a new avenue to approach a mechanistic understanding of the evolution of the 3D patterning of a multicellular body during land plant evolution.
